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Steel column stability and implications in seismic assess-

ment of steel structures according to Eurocode 8 Part 3

Seismic performance assessment of new and existing steel structures based on nonlinear static (pusho-
ver) analysis necessitates the use of engineering-oriented models that trace the nonlinear response of
structural steel elements under seismic and static loading. Recent experiments and corroborating finite
element simulations on I- and H-shaped steel columns constitute an important data source for such a
development. This paper presents important insights regarding the behaviour of steel columns under cyclic
and monotonic loading based on an assembled steel column database. We propose simple, yet accurate,
practice-oriented models to predict the strength and deformation capacities at yield and ultimate rotations
(near collapse) of steel columns within the framework of Eurocode 8 Part 3 (EC8-Part 3). The proposed
models are derived based on first principles of mechanics along with robust statistical approaches lever-
aging the assembled datasets. It is shown that the current EC8-Part 3 modelling provisions for steel col-
umns do not reflect the column behavioural trends from the available databases. The influence of loading
history on the derived modelling recommendations for columns is also quantified and discussed. The pro-
posed recommendations may be incorporated in future versions of EC8-Part 3 for seismic performance

assessment of new and existing steel structures.

Keywords Steel columns, seismic stability, near collapse limit state, local buckling, plastic rotation capac-

ity, seismic assessment, pushover analysis, steel structures

Stabilitét der Stahlséule und Auswirkungen auf die seismische Bewertung von Stahlkonstruktio-
nen nach Eurocode 8 Teil 3. Die seismische Leistungsbewertung neuer und bestehender Stahlkonstruk-
tionen auf der Grundlage einer nichtlinearen statischen (Pushover-) Analyse erfordert die Verwendung
konstruktionsorientierter Modelle, die das nichtlineare Verhalten von Stahlbauteilen unter seismischer und
statischer Belastung nachzeichnen. Neuere Experimente und bestétigende Finite-Elemente-Simulationen
an |- und H-férmigen Stahlsaulen sind eine wichtige Datenquelle fiir eine solche Entwicklung. In diesem

Artikel werden wichtige Erkenntnisse zum Verhalten von Stahlsdulen unter zyklischer und monotoner
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Belastung anhand einer zusammengestellten Stahlsaulendatenbank vorgestellt. Wir schlagen einfache,
aber genaue, praxisorientierte Modelle vor, um die Festigkeits- und Deformationskapazitaten bei Streck-
grenze Rotation und Rotationsvermdgen (nahezu Kollaps) von Stahlsaulen im Rahmen von Eurocode 8
Teil 3 (EC8-Teil 3) vorherzusagen. Die vorgeschlagenen Modelle basieren auf Grundprinzipien der Me-
chanik sowie auf robusten statistischen Ansétzen unter Verwendung der zusammengestellten Datenséatze.
Es wird gezeigt, dass die aktuellen Modellierungsbestimmungen fiir Stahlsaulen nach EC8-Teil 3 nicht die
Trends des Saulenverhaltens widerspiegeln, die aus den verfiigbaren Datenbanken hervorgehen. Der
Einfluss der Beanspruchungsgeschichte auf die abgeleiteten Modellierungsempfehlungen fiir Saulen wird
ebenfalls quantifiziert und diskutiert. Die vorgeschlagenen Empfehlungen kénnen in zukiinftige Versionen
von EC8-Teil 3 zur Bewertung der seismischen Leistungsfahigkeit neuer und bestehender Stahlkonstruk-

tionen aufgenommen werden.

1 Introduction

In the context of performance-based seismic assessment of new and existing steel structures, the
engineering profession often uses nonlinear static (so-called pushover) and dynamic analysis
procedures. Nonlinear structural analysis is also deployed within risk-targeted frameworks [1]—
[3] to deduce realistic values of the behaviour factor, g as well as the overstrength factor, Q
(e.g., Elkady and Lignos [4]), of earthquake-resistant structural systems according to various
seismic design standards. Nonlinear analysis requires the reliable quantification of the strength
and ductility of structural members undergoing cyclic loading. In the US, the current state-of-
practice in nonlinear structural modelling and analysis guidelines is ASCE 41 [5], which was
formerly known as FEMA 356 [6]; whereas in Europe, complementary guidelines have been
incorporated in Eurocode 8 Part 3 (EC8-Part 3) [7] with emphasis at yield and ultimate defor-
mation capacities of structural members. Within EC8-Part 3, while the above nonlinear model-
ling guidelines for reinforced concrete members are well established [8], the corresponding ones
for steel members are fairly limited. Albeit for steel and composite beams this has been recently
addressed [9], [10] including theoretical expressions that rely on moment curvature analysis
[11]-[13], a fundamental gap still prevails for I- and H-shaped steel columns, thereby prohibit-
ing (a) optimal interventions in existing steel structures; (b) the full potential of steel in prospec-

tive building seismic designs.

The above limitations were attributed to the lack of available experimental data manifesting the

deformation capacity of steel columns under cyclic loading. In recent years, experiments have

Seite 2



STAHLBAU Aufsatz/Bericht Seite 3

been conducted to address this pressing concern [14]-[19]. It is also worth stating that concur-
rent continuum finite element (CFE) analyses [20], [21] have been carried out to complement
the experimental data and to expand the behavioural insights for a broad range of steel column

geometries.

The available experimental data and corroborating CFE analysis results constitute a valuable
resource for calibration of practice-oriented nonlinear models that prognosticate the nonlinear
behaviour of steel columns. With this in mind, a large experimental and simulated dataset was
assembled and exploited herein for the development of engineering-oriented models to estimate
the strength and deformation capacities of steel columns at yield and ultimate. The derived mod-
els are established on the basis of mechanics principles along with statistical (or empirical) ap-
proaches. The proposed models may be fully utilized in nonlinear static (pushover) analyses
within the framework of EC8-Part 3 [7] for the seismic assessment of new and existing steel

structures.

2 Steel column hysteretic response, performance indicators and review of assem-

bled database

This section provides an overview of the complex hysteretic behaviour of steel columns under
multiaxial cyclic loading. It also discusses the physical aspects of column response and the mo-
ment-rotation curves to establish a context, in which the assembled dataset (experiments and

CFeE results) can be interpreted to address the primary scope of this paper.
21  Steel column behaviour under monotonic and cyclic loading

Steel columns in earthquake-resistant lateral load resisting systems experience lateral drift de-
mands coupled with either constant compressive or variable axial load demands. The former is
common in interior columns, whereas the latter is typical in exterior (end) columns due to tran-
sient overturning effects. Figure 1 depicts the monotonic and symmetric cyclic behaviour of two
nominally identical interior cantilever steel columns in terms of moment — chord rotation, 8,
(see Figure 1a) and column axial shortening, §,,i4;, versus 6 (see Figure 1b). The chord rotation,
8, refers to the rotation of the member of its entire length, L. This is equivalent to the storey drift
ratio in this case. While interior steel columns under monotonic loading experience local buck-
ling only at their compressive flange (see Figure 1c¢), their hysteretic behaviour under symmetric

cyclic loading is characterized by symmetric local buckling on both flanges (see Figures 1d).
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Figure 1 Typical hysteretic behaviour of steel columns under monotonic and cyclic loading — data and images from Elkady and

Lignos [15], [18] and Cravero et al. [19]

Depending on the member slenderness ratio, L, /i, (L, is the unbraced length of the column; i,
is the radius of gyration with respect to the weak axis of the steel cross-section), the local buck-
ling progression may be coupled with inelastic lateral torsional buckling [16], [18] at storey drift
demands representative of significant damage (SD) limit states (see Figure 1e). Evidently, col-
umn axial shortening is a common instability mode observed in fixed-end columns due to the
progression of nonlinear local and member geometric instabilities under lateral loading. Note
that in today’s capacity design principles [22] we do not encounter such an instability mode in
first storey fixed end columns of steel moment-resisting frame systems. However, this is an
important design consideration. Research by the first author [15], [23] has highlighted that dur-
ing an earthquake adjacent first storey steel columns in moment-resisting frame systems may
exhibit differential axial shortening due to differences in the imposed column axial load de-
mands. In turn, this may cause slab tilting and subsequently catenary action in steel girders as
part of full-strength beam-to-column connections. This issue deserves more attention in future
studies associated with the collapse prevention of steel moment-resisting frame systems under

earthquake loading.
2.2  Steel column performance indicators

Of interest herein are the deformation capacities of steel columns at yield, 6, and ultimate, 6,,,

as shown in Figure 2. The former may be prevalent for damage states associated with modest
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lateral drift demands (e.g., design-basis earthquake event) in which repairability in the aftermath
of earthquakes is imperative. The latter may be relevant in seismic performance assessments of
new and existing steel structures near the collapse (NC) limit state. Hereinafter, 8,,, refers to the
chord rotation at which a steel column has lost 20% of its peak flexural resistance. This is anal-
ogous with prior related efforts [8] to characterize the deformation capacities of reinforced con-

crete members within the framework of EC8-Part 3.
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Figure 2 Column performance indicators for seismic assessment of steel structures based on nonlinear static analysis

Referring to Figure 2, the yield point (6,, M;) and the elastic rotational stiffness, K,, of the
member are the same for both monotonic and cyclic loading, whereas the point at ultimate
(6, M) is defined separately for monotonic and cyclic loading. Referring to Figure 2, the ef-
fective yield moment, M, is defined at the intersection of the straight lines joining the elastic
rotational stiffness of a column and that connecting (6, My, ) with (6, M,,). The latter is defined
based on the equal area rule. The effective yield point can be deduced by first principles of
mechanics, whereas the ultimate point may be computed based on empirical formulations pro-
posed herein for the plastic rotation, Bﬁlmon (Bﬁlcyc), from yield to ultimate. Vis-a-vis the above
discussion, the column performance indicators are identified based on available experimental

and simulated data discussed in Sections 2.3 and 2.4, respectively.
2.3 Available experimental data

The experimental database used herein comprises 158 tests of steel columns mostly under uni-
axial bending coupled with constant and variable axial load demands. Twenty-one tests were

conducted under biaxial bending. The test specimens including their basic loading parameters
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and a complete list of references are summarized in Table 1. The significant majority of the
column cross-sections feature Class 1 to 3 cross-sections according to [24] compactness limits.

A handful of test specimens are comprised of Class 4 cross-sections.

Table. 1 Available experimental data on steel columns under monotonic and cyclic loading

Study Number of tests  Axial load ratio, v Lateral loading protocol

[25] 6 0,30-10,80 Symmetric Cyclic

[26] 10 0-0,80 Symmetric Cyclic

[27] 42 0-0,75 Monotonic

[28] 9 0,30-0,70 Symmetric Cyclic

[29] 6 0,15-0,30 Symmetric Cyclic

[30] 9 0,15-0,30 Symmetric Cyclic

[31] 17 0,20-0,50 Symmetric Cyclic

[15] 12 0,15-0,50 Monotonic, Symmetric Cyclic, Collapse-Consistent
[16] 24 0-0,50 Symmetric Cyclic

[18] 10 0,20-0,50 Symmetric Cyclic, Collapse-Consistent

[19] 12 0,30-0,75 Monotonic, Symmetric Cyclic, Collapse-Consistent

Most specimens were of conventional cantilever type or had fixed-end boundary conditions.
Ten specimens tested with fixed-flexible boundary conditions reflecting actual boundary condi-
tions of a first storey steel column within a moment-resisting frame. While the significant ma-
jority of available physical tests constitutes specimens subjected to a routinely used symmetric
cyclic loading protocol [32], thirteen tests were subjected to collapse-consistent cyclic loading
histories [33] representing the ratcheting behaviour of steel columns prior to incipient collapse
[34], [35]. In 49 tests, the imposed lateral load was monotonic. While the hysteretic response
indicated flexural yielding in all specimens, several specimens did not reach the rotation at ulti-

mate, 8,,, as indicated in Section 2.2.

In brief, the axial load ratio, v = N /Ny, of the collected test specimens (where, N is the imposed
compressive axial load demand and N,,; = f, A, is the reference axial strength of a steel column
deduced by its nominal yield stress, f,, times its cross-sectional area, A) ranges from 0 to 0,75.

The geometry of the test specimens in the database in terms of local web slenderness ratio,
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h,/t, (hy is the web clear height between the inner radii and ¢,, is the web thickness) ranges
from 6 to 90, whereas that of the member slenderness ratio, L, /i, ranges from 13 to 160. To
populate the experimental dataset to cover the entire range of column cross-sections used in the
current seismic design practice, available virtual tests were also collected from continuum CFE
analyses conducted by the first author and his former students [21]. This set of data is described

in the subsequent section.
24  Available simulated data from continuum nonlinear finite element analyses

The virtual test matrix to populate the experimental database discussed in Section 2.3 is devel-
oped on the basis of CFE simulations based on rigorous nonlinear modelling procedures outlined
in Elkady and Lignos [20], [21]. In brief, multiaxial material plasticity is considered based on
the Voce and Chaboche material model [36]-[38]. The input material model parameters have
been calibrated as discussed in [39], [40] to tackle the challenge of non-uniqueness [41]. Resid-
ual stresses are explicitly considered in the CFE simulations according to Young’s distributions
[42]. These were found to be realistic based on recent residual stress measurements [43]. Finally,
member and local geometric nonlinearities in the CFE models are triggered based on buckling
analysis of representative buckling modes of the respective column member. The imperfection
amplitudes were found to be L/1500, b/250 and h,/250 for the global and local buckling
modes, respectively. Note that the above imperfections are within the product qualification lim-
its according to [44]. Figure 3 illustrates the successful representation of physical tests under

monotonic and cyclic loading based on the CFE models suggesting confidence to the simulated

predictions.

3 -2 -1 0 1 2 3
0 [% rad]

Figure 3 Representative illustrations of validated continuum finite element analyses of steel columns under cyclic loading (image

and data from Elkady and Lignos [18], [21])

The virtual test matrix, which is made publicly available from the authors in the Zenodo data
repository for reuse, provides a considerable expansion of the available experimental data to

cover all possible column cross-sections that could be used in seismic building designs.
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3 Steel column behavioural trends and discussion

The emphasis herein is on the deduced column parameter indicators from the moment-rotation
relations of the available experimental and simulated data discussed in Sections 2.3 and 2.4,
respectively. A distinction is made between monotonic and cyclic data, if necessary, particularly
for the corresponding flexural strength, M,, and rotation at ultimate, 8,,. The observed trends,
discussion and modelling recommendations are based on a synthesis from the two databases

discussed earlier.
3.1 Elastic rotational stiffness, K,

The elastic rotational stiffness of a steel member under combined actions constitute the flexural,
shear and axial components. Elastic axial deformations may be disregarded for steel columns
under lateral loading, therefore, the chord rotation, 6, of a steel column over its length, L, is

defined based on the principle of virtual work,

L J— L __
49—6L~1 MMd +fVVd 1
=O/h=| | Frxt | ga &y

0 0

where, E is the Young’s modulus; / is the cross-sectional moment of inertia with respect to the
axis of bending; G is the shear modulus of the steel material; and 4 is the shear area of the
respective column cross-section. For a I-shape column with length L and any type of boundary
conditions under lateral load, Eq. (1) ultimately yields to the following expression the elastic

rotational stiffness, K.,

1
K, = 2
¢ 1/Kflexure + 1/Kshear [ )
a,El 3
Kflexure = T [ )
and,
GA(a,L
(@zL) , strong — axis bending (4)
K 0,85 + 2,32 btf/htw
shear =1 G(2bt;)(apl)

12 , weak — axis bending
Equation (4) has been developed for I-shape cross-sections according to Cowper [45]. Where,

E,G are the Young and shear modulus of the steel material, respectively; b, tf, t,, h are the

flange width, flange thickness, web thickness and full depth, respectively, of the I-shape cross-
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section; a; and a, are parameters that depend on the member end boundary conditions. Partic-

ularly, a,=3 and a,=1 for a cantilever column; a,;=6 and a,=0,5 for a member in contraflexure.
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Figure 4 Measured versus predicted elastic rotational stiffness of |- and H-shaped steel columns

Figure 4 illustrates the measured K, from all available experiments versus the computed one
from engineering mechanics first principles. There is a perception that the shear contribution to
K., of I-shape members under lateral loading is negligible. Referring to Figure 4, the predicted
rotational stiffness for all the collected test specimens is estimated based on flexure only (Eq. 3)
as well as combined flexure and shear (Eq. 2). On average, the elastic stiffness of I-shape steel
columns is underestimated by about 20% when shear deformations are neglected. The largest
errors in the predicted K, values are usually observed in columns with either deep cross-sections
(h = 400mm) or stocky ones (t; = 35mm). Therefore, Eq. (2) is generally recommended in

order to compute K, of steel columns within the framework of EC8-Part 3.
3.2 Column flexural resistance at yield

The effective flexural resistance, My, of steel columns is highly dependent on the applied com-

pressive axial load ratio, v, due to the axial load-flexure interaction. Figure 5 illustrates a com-
parison of all the N — M pairs at the cross-sectional level from the experimental database. The
EC3-Part 1 [24] and AISC-360-16 [46] flexure-axial load interaction curves are also superim-

posed. According to [46],

1
MC-(l—Ev), v <0,20 ()
M =

9
g Me-(1=v), v2020

Where, M,, is the flexural resistance of a steel column based on the plastic section modulus,
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Wiy, for Class 1 and 2 cross-sections or the elastic section modulus, Wy, for Class 3 cross-

Ly>
sections. Flexural buckling (member level) is not considered in this comparison since none of
the test specimens exhibited this failure mode. In the horizontal axis, the flexural resistance, M,,
is normalized with respect to M,. Generally, both interaction curves trace reasonably well the
onset of flexural yielding of columns. Unlike the AISC-360-16 interaction curve, the EC3-Part

1 interaction curve suggests no flexural strength reduction when, v < 0,25. This is not justified

based on the available experimental data.
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Figure 5 Comparison of test data with flexure-axial load interaction curves

For the purposes of seismic assessment of new and existing steel structures, the steel material
overstrength parameter, ¥,,, should be considered in the computation of My, for steel columns.
While the current EC8-Part 1 [22] suggests a fixed value of 1,25 for y,,, the corresponding
values suggested from the OPUS program [47] are recommended. Depending on the employed

steel material, a different value of y,, is suggested for a more reliable estimation of My,
3.3 Chord rotation of steel columns at yielding

Figure 6 depicts the dependence of the steel column chord rotation at yielding, 8,,, with respect
to the shear span ratio, L, /h (see Figure 6a), the web slenderness ratio, h, /t,, (see Figure 6b)
and the imposed compressive axial load ratio, v (see Figure 6¢). The assessment is based on the
experimental dataset only. Referring to Figure 6a, there is a dependency between 6, and L, /h.
Longer column members tend to have a larger elastic deflection prior to yielding compared to
shorter ones with the same cross-sectional depth. Equation (2) explicitly captures the effect of
L,/h on 6,,. On the other hand, Figure 6b suggests that there is no evident dependence of h, /t,,

on 6,. The observed variability at particular h, /t,, ratios is mostly attributed to the imposed
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compressive axial load ratio. Figure 6¢, shows the identified 6, values for each test specimen
versus the corresponding v. The higher the imposed compressive axial load ratio the smaller the
yield rotation of a steel column. This is mostly attributed to the influence of v on the flexural
resistance of a column cross-section (see Section 3.2). It is found that 6, may be computed based

on Eq. (6),

M; (6)
0, ==~
y Ke

Where, M;, is the column flexural resistance reduced by the effects of v based on the AISC-360-

16 design provisions as discussed in Section 3.2; and K, may be computed according to Eq. (2).
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Figure 6 Yield rotation of steel columns as a function of geometric and loading parameters; (a) shear span to column depth ratio; (b)

web local slenderness ratio; (c) axial load ratio

3.4 Ultimate chord rotation of steel columns

With regards to the ultimate chord rotation, 8,,, of steel columns, the complete dataset (experi-
mental and simulated) is utilized to facilitate the discussion herein. The reason is that about 50%
of the assembled experimental data did not reach 6,,. Referring to Figure 2, 8,, may be computed

as follows,

0, =10, + or (7)
Unlike, reinforced concrete members, it is preferred to express the ductility of steel columns as
a function of the plastic rotation, 87 from the yield to the ultimate chord rotation. One reason is
that 6, can be directly computed based on first principles of mechanics. Moreover, the depend-
ence of a column’s inelastic deformation beyond yielding on L, /i, is lost, since the axial load
ratio dominates the cyclic response. Prior related studies [10], [34] found that when the plastic
deformation of a steel member is isolated, it is generally regarded to be a more stable parameter

than the chord rotation at ultimate. Therefore, the discussion herein focuses on 67.

Figure 7 illustrates the primary geometric and loading parameters influencing 95,cyc for
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symmetric cyclic loading. In particular, Figure 7a suggests that column cross-sections with Class
3 webs (h/t,, = 40) typically achieve a Gg_cyc of 2% rad (i.e., 0y cyc = 2,5% rad) for imposed
compressive axial load ratios of 0,30 or less, which is the expected axial load range in columns
of steel moment-resisting frame systems [33] and the maximum allowable according to [22] (see
section 6.3.1(2)). Therefore, the use of cross-sections with Class 3 webs in prospective steel
MREF designs in European regions of moderate seismicity may suffice. Similarly, column cross-
sections with Class 1 webs are able to achieve a 95'03,0 of 3,5% rad (i.e., 6y ¢y = 4,0% rad),

which matches the established targets for prequalified dissipative beam-to-column connections

[48].
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Figure 7 Dependence of plastic rotation at ultimate, %, ... ., on geometric and loading parameters of a steel column under symmetric

u,cyc’
cyclic loading; (a) local web slenderness ratio; (b) member slenderness ratio; (c) axial load ratio
Referring to Figure 7b, there is an apparent dependence of 95,63,0 to L, /i,. The datasets suggest
that members with L, /i, = 70 do not generally exhibit a plastic rotation of more than 1,5% rad.

This is due to coupling of plastic lateral torsional buckling with local buckling [18], [21]. This

typically occurs at inelastic chord rotations larger than 2,0% rad. Finally, Figure 7c highlights
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the predominant effect of the imposed axial load ratio on 95,cyc~ While columns with v < 0,30
seem to exhibit appreciable ductility for seismic resistant design, the ones with a v > 0,60 have
fairly limited plastic rotation capacity; hence they may be treated as force — controlled elements
(i.e., zero ductility) with regards to seismic assessment of steel structures. The above trends are
general and reflect findings for monotonic loading as well. The dependence of 67 on E / f, (mod-
ulus of elasticity-to-yield stress ratio) is of secondary importance. The interrelation of the above

geometric and loading variables and their influence on 87 is depicted by multivariate empirical

expressions developed and presented in the next section.

4 Empirical expressions for the flexural strength and chord rotation of steel columns

at ultimate

This section discusses the development of empirical expressions for the estimation of the flex-
ural strength, M,,, and plastic rotation, 87 of I- and H-shaped steel columns from the yield to the
ultimate chord rotation within the framework of EC8-Part 3. Two types of expressions are de-
veloped. One for monotonic and one for reversed cyclic loading. The database of simulated
results is used as a training set for the development of the multivariate regression equations,
whereas the experimental database is used as a validation set. The proposed empirical equations

with regards to M,, and 67 are developed based on the following multiple regression model,

by

y =8 (hl)

tw

: (f—b)b A—vg) +e ®)

Where, y is either 87 or M,, /My B; are regression coefficients; and ¢ is the error between the
test and predicted responses. Notice that the gravity-induced component of axial load ratio, v; =
Ng /Ny, is used in the subsequent regressions. Research ([15], [19], [28], [49]) suggests that this
is a more rational value to be used than the absolute maximum axial load ratio, v, which includes
the transient axial load component. The coefficient of variation (COV) as well as the coefficient
of determination, R?, are utilized to measure the goodness-of-fit. The reported COV values are
important since they provide a sense of the expected uncertainty in the predictors. The selected
predictors have been found to be statistically significant to 82 and M,,/ M, based on a standard
t-test. While CFE simulations generally reveal reliable predictions, because there is no experi-
mental evidence on plastic rotations from yield to ultimate above 0,15rad, a limit of 67 <

0,15rad is imposed, following a standard practice in similar efforts [49], [50]. Similarly, a limit

Seite 13



STAHLBAU Aufsatz/Bericht Seite 14

of M,,/M;, < 1,2 is considered for very stocky cross-sections that tend to harden considerably

under cyclic/monotonic loading.
41  Monotonic loading

The plastic rotation, Hﬁlmon and the corresponding flexural strength M,, ,,,,, of a steel column

under monotonic loading may be computed as follows,

Mumon (hl)_o'z (Lb)_OA
. =10,0(— = -(1- < 1,2
M; tw i, (1 =) ©)

(R? =0,76,C0V = 0,10, N = 160 points)

-1,4

h, L\ %8
P  =296,75 (t—) : (1_) (1 -v,)?” < 0,15rad (10)
w Z

u,mon

(R? =0,91,€0V = 0,32, N = 160 points)

The above equations are valid within the following range of parameters, 12 < h,/t, < 58;
43 < L,/i, < 115; 0 < v; < 0,50. Note that column cross-sections with h, /t,,< 12 where
not considered in the statistical analysis because they did not reveal any flexural strength dete-
rioration even at chord rotations of 0,20rads or higher. This is to be expected for such stocky
profiles [28], [33]. However, in this case fracture of complete joint penetration groove welds
between the steel profile and the corresponding column base are likely to control the plastic

deformation capacity of the member at high inelastic straining.

4.2  Cyclic loading

p
u,cyc

With regards to cyclic loading, the plastic rotation, 8 and the flexural strength M, . of a

steel column may be computed as follows,

M, eve h, —-0,4 L, -0,16
—— =176 (—) . (—) -(1- 02 < 1,2
M; tw i, ( va) (11)

(R? =0,87,C0V = 0,07, N = 212 points)

-0,95

hy Ly\ ™ (12)
ucyc — 7,37 (a) : (Z) . (1 - 17(;)2'4 < 0,15rad

97—"
(R? = 0,86,C0V = 0,38, N = 212 points)

The equation is valid within the following range of parameters, 3,7 < h,/t, < 58; 38 <

L,/i, < 115; 0 < v; < 0,50. Unlike monotonic loading, steel columns comprising cross-
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sections with h, /t,, <12 exhibit flexural strength deterioration due to the accumulated plastic

strain from the imposed symmetric cyclic loading protocol.

Equations (10) and (12) exhibit fairly small variability as indicated by the associated COV and
R? values. It is also found that Bfimon / 95,cyc = 3,0. The difference is attributed to the cumula-
tive damage from inelastic loading cycles imposed to steel columns during a symmetric cyclic

loading protocol contrary to the monotonic one. The above difference is deemed reasonable

based on similar comparisons on steel and reinforced concrete members [51].

0.1, ; ”
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o
o
®©
\
\
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o
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&
\
N\
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o
o
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7
8,575 08
0.2 N " L .
0 0.02 0.04 0.06 0.08 0.1

Measured °  [rad]
u,cyc

J

Figure 8 Comparison of measured and predicted responses for plastic rotation of steel columns from yield to ultimate

The sufficiency of the proposed formulations for predicting 6% ..., and 95_Cyc is also shown in

Figure 8. The predicted 95_Cyc values indicate a relatively good fit reflected by the data points
clustered close to the dashed line. Reasonably good fit of the experimental dataset is notable
because none of these data points were included in the development of the empirical equations.
Same findings hold true for monotonic loading. The average error between the predicted and

measured 8} values is about 10% regardless of the loading type.
4.3  Effect of loading history on plastic rotation from yield to ultimate

Prior studies [15], [34], [52], [53] have questioned to what extent we should be conditioning the
seismic performance and acceptance criteria of structures at incipient collapse based on enve-
lope curves developed from symmetric cyclic loading histories. In this case, non-symmetric
loading histories representing the ratcheting behaviour of structures prior to collapse are deemed
to be more representative for quantifying the actual structural demands [33], [54]. Figure 9a

shows such a comparison based on the moment-rotation relation of three nominally identical
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steel columns subjected to monotonic, symmetric cyclic and collapse-consistent loading proto-
cols from recent experiments by the first author [15]. Equations (10) and (12) are evaluated
herein with an additional dataset of steel columns subjected to collapse-consistent loading his-
tories [33]. Figure 9b depicts the 95_,,10,1 and Hﬁycyc versus h,/t,, ratio. The computed values
from Eqs (10) and (12) are normalized with respect to 95'“,5 retrieved from the additional da-
taset. It is seen that 95_Cyc is, on average, 50% less than that from a collapse-consistent protocol;

whereas the corresponding value for the monotonic case is 1,2 times larger than 6, p.

600 Monotonic 3 -
Monotonic
400 4 25 * Symmetric Cyclic
= a3
£ 2
= 200 - 2
K4 (=}
s =
. 0 S15 ey TLLE T it
< e | EmwT
2 o)
é-zoo ESER N ] o’
g °* sl o .
-400 T 05 . - O ]
H ! ' any ::' *%:'.:?! ! ‘. .
Bcse Bcos Bumon . |
-600 - R - 0!
0.05 0 0.05 0.1 0 10 20 30 40 5 60 70
Chord Rotation, 6 [rad] Web slenderness ratio, h1/tW
(a) (b)
Figure 9 Influence of loading history on plastic rotation of steel columns from yield to ultimate (data from Suzuki and Lignos
[15))
Therefore, if performance evaluation at incipient collapse is of interest, 87 may provide
£ umon

valuable information. Hence, a monotonic test is recommended in addition to cyclic ones for

experimental evaluation of structural members at the near collapse limit state.
4.4  Assessment of EC8-Part 3 recommendations at near collapse limit state

Figure 10 illustrates a comparison between the current EC8-Part 3 modelling recommendations
and the proposed ones according to Eq. (12) at near collapse limit state. Only test specimens
with Class 1 and 2 cross-sections are employed in this comparison. Particularly, EC8-Part 3
suggests that Class 1 and 2 column cross-sections subjected to v < 0,30, regardless their geo-
metric characteristics, exhibit ductilities at the NC limit state of 8 - 6,, and 3 - 6,,, respectively.
The figure suggests that the current EC8-Part 3 modelling recommendations overpredict by 20%
to 30%, on average, 95_63,6, in most cases that, v < 0,30; whereas in cases that v > 0,30 they
significantly under predict the plastic rotation capacity of steel columns regardless of the em-

ployed cross-section classification. The above important observations are attributed to the fact

that the EC8-Part3 modelling provisions neglect the dependence of 95,03,0 on the geometric (web
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and member slenderness ratio) and loading (axial load ratio) conditions of the respective column
members. On the other hand, the proposed modelling recommendations trace the corresponding

95_Cyc values with a noteworthy accuracy.

0121 Proposed
' e EC8-Part3

T
o
% o

a3 0.08 | .

o *: °
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s o

8 0.04 | .
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Measured 6°  [rad]
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Figure 10 Comparison between proposed modelling recommendations and current EC8-Part 3 provisions at near collapse limit state

5 Conclusions and recommendations

This article discusses the development of practice-oriented nonlinear component models to com-
pute the chord rotations and associated flexural strength of I- and H-shaped steel columns at
yield and ultimate (near collapse) under monotonic and cyclic loading. The proposed models
may be used within the future framework of Eurocode 8 Part 3 (EC8-Part 3) for the seismic
performance assessment of new and existing steel structures based on nonlinear static (pusho-
ver) analysis. The models, which are based on collected experimental and simulated results from
two assembled databases of steel columns, capture the main aspects of steel column response at
yield and near collapse limit states. The former is relevant for repairability, whereas the latter is

prevalent for collapse prevention evaluation.

The elastic rotational stiffness, K,, of steel columns under combined axial load and lateral drift
demands should consider both the flexural and shear contributions (Egs. (2), (3) and (4)). It is
shown that the effective flexural resistance, M;,, of steel columns may be estimated reasonably
well based on the AISC-360-16 flexure — axial load interaction curve adjusted for the effects of
material overstrength and hardening (see Eq. (6)). It is shown that the recommendation for no
flexural resistance reduction according to EC3-Part 1 interaction curve, when the axial load ra-

tio, v < 0,25, is not justifiable based on the gathered data.

The collected data underscore the influence of the shear span-to-depth ratio and axial load ratio
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on the column chord rotations at yielding, 6,,. Both effects are depicted based on first principles
of mechanics (see Eq. (6)). With regards to the ultimate chord rotation, 8, of steel columns
(rotation at 20% column peak flexural strength drop), it should be computed based on the plastic
rotation, 87, from yield to ultimate plus 6. For this reason, empirical expressions are developed
for 67 that capture the interrelation of the local slenderness ratio, h, /t,,, the member slenderness
ratio, L, /i, and the gravity-induced compressive axial load ratio, v; for both monotonic (see
Eq. (10)) and cyclic loading (see Eq. (12)). It is shown that the proposed expressions represent
much better the available experimental and simulated data than the current EC8-Part 3 model-
ling recommendations for I- and H-shaped steel columns. Accordingly, expressions are provided
for estimating the flexural strength, M,,, of columns at the ultimate chord rotation for monotonic

(see Eq. (9)) and cyclic loading (see Eq. (11)).

Comprehensive comparisons with available data from steel columns under collapse-consistent
loading histories suggest that their chord rotation at ultimate may be represented more rationally
by the computed value based on monotonic loading (see Eq. (10)) reduced by about 20% to
account for the influence of cumulative inelastic damage prior to incipient collapse. Thus, if
performance at incipient collapse is of interest, a monotonic test should always be complement-

ing the cyclic test data in future experimental studies.
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